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Abstract

The currently accepted value for the upper bound for the photon mass m,, is 22 orders of
magnitude less than the electron mass. As the mass m,;, is so incredibly small, it has
essentially no effect on the atomic and nuclear physics, and it is very difficult to improve
this estimate by laboratory experiments. However, even a very small mass may have
significant effect on astrophysical phenomena occurring at the scale exceeding the photon
Compton length & (where A~ 3 million kilometers for the currently accepted mass).
Based on the set of MHD equations (written with the account for the finite photon mass),
the author analyzes properties of the Solar wind at the Pluto orbit and comes up with an
improved (reduced) by a factor of 70 estimate of the photon mass. Possible opportunities
and challenges for the further reduction of the upper limit for m,, based on the properties
of larger-scale astrophysical objects, are discussed.

Introduction

Contrary to sometimes professed views, the finiteness of the photon mass is
compatible with the Einstein relativity theory. The quantum description of the finite-mass
spin-one particle was developed by Proca [1]; for a modern exposition see, e.g., Landau
and Lifshitz [2]. The appropriately modified Maxwell equations (the classical limit of the
Proca equations) are presented in a number of textbooks, including famous Jackson’s
“Classical Electrodynamics” [3]. General discussion of the earlier work on the massive
photon has been presented in an excellent review paper [4]; later developments have been
discussed in reviews [5-9].

The currently accepted value for the upper bound of the photon mass [10] is
impressively low,

m,, < 10%m, =107'g, (1)

where m, is the electron mass. Certainly, so low a photon mass would not have any
impact on, say, atomic physics. As the mass (even if finite), is incredibly small, it is very
difficult to improve estimate (1) by laboratory experiments (see discussion in [11, 12]).
One of the consequences of the finiteness of the photon mass is that the magnetic
field created by a magnetic dipole would decrease not in a dipole fashion, ~ 1/, but
rather in a Yukawa-like fashion, exp(-r/&)/r’, where X is the photon Compton length,
A=hlm,c; ()
here 7 is the Planck constant and c is the speed of light. [Strictly speaking, for the finite
photon mass, the speed of light depends on the wavelength, as was first noticed by Louis
DeBroglie [13]. It would be more precise to say that c is the speed of light for the very-
short-wavelength photons.]. For the mass (1) the Compton length is ~ 3x10"' cm.



E. Schroedinger, who was the first to notice the appearance of the exponential
cut-off in the dipole field, suggested using this effect for the evaluation of A (and Mph)
based on the measuring Earth’s magnetic field [14]; his estimates ranged between 6x10®
and 3x10° cm. Clearly, the stronger the magnet, the further one can see its magnetic field,

the better estimate for A one can make. In 1975 measurements of the Jupiter magnetic
field by the Pioneer-10 spacecraft allowed pushing the limit to 0.3 million kilometers
[15]. At larger distances, the Jovian field gets too strongly distorted by the Solar wind
and MHD effects become important.

At this point, the potential importance of the plasma physics becomes clear: If one
wants to study astrophysical objects with large-scale magnetic fields present, one has
always to deal with a question of whether these fields are produced by some distant
source (say, a dipole), or they are produced in situ, by the currents flowing in the local
plasma. And, for large-enough distances one would always deal with the fields generated
locally. This is why magnetohydrodynamic (MHD) effects have been recognized since
1960s as playing important role in the attempts to evaluate the photon mass based on
astrophysical observations (see discussion of this issue in Ref. [4]).

Somewhat surprisingly, a complete set of MHD equations for the case of a finite
photon mass has not been written until recently. It has been first derived and discussed in
the author’s paper [16]. Using this set and addressing the problem of the Solar wind
sector structure at the Earth orbit, the author came up with the currently accepted
estimate (1). One can note that the Compton length corresponding to this mass is 50 times
shorter than the Earth-Sun distance (1 Astronomical Unit, AU). This is manifestation of
the role of the ambient plasma: although the magnetic field of the Solar wind is certainly
“born” on the Sun, it is “sustained” by the local plasma currents. This issue is illustrated
in a more quantitative fashion below, in Sec. 3.1, where we also illustrate a “reductio ad
absurdum” approach used to establish a lower bound on A.

In this paper, we use information about the properties of the Solar wind at large
distances from the Sun, at the orbit of Pluto, to improve our earlier estimate (1) by at least
a factor of 70 (sec. 3.2). But, before that, in Sec. 2, for reference purpose, we present the
set of MHD eqations of Ref. [16] and discuss their most salient features. After that, in
Sec. 4, we consider the possibility of improving the mass estimate by looking of more
distant astrophysical objects. Finally, in Sec. 5, we discuss main results of this paper.

It should be noted that all the discussion in this paper, as well as in the papers
mentioned above is based on the Proca model of a massive photon. Should this way of
description fail for some reason, our basic equations would also fail. In particular, if the
Higgs boson model of the photon suggested in Ref. [17] is valid, our approach would
remain valid only in one of the regimes discussed in Ref. [17].

One more comment is in order here. Getting extraterrestrial (in the terminology of
Ref. [4]) limits on the photon mass is facilitated by large spatial scales involved. This
allows one, even by a relatively crude analysis, to reach substantial progress. On the other
hand, the terrestrial measurements can provide much higher accuracy, and probe
relatively minor deviations from standard Maxwell equations. This approach may also
yield interesting results: in a recent paper [18], by studying the propagation of ultra-low
frequency waves in the space between the conducting Earth and the ionosphere, the
author managed to bring the upper bound for m,, to 4x10™? g, i.e., somewhat below the
currently accepted value (1).



2. Magnetohydrodynamics with the finite photon mass

The set of MHD equations for quasi-static processes (i.e., for the processes where
both the fluid velocity and the wave velocity is much less than ¢) was first written in Ref.
[16]. It reads as:

ap
——4+V(pv)=0 3
P (pv) (3)
dv 1
N Vp+-ixB 4
p— p+—J 4)
VxVxB+ B My (5)
A c
VxE<_19B (6)
c ot
j=o(E+VXB) (7)
C

We use CGS system of units, with p, p, and v being the density, pressure and velocity of
the fluid, j being the current density, and o being the electrical conductivity. The standard
entropy equation can be added, if needed. As we have already mentioned, the
electromagnetic retardation effects are ignored.

The set (3)-(7) coincides with the standard set of MHD equations in everything
except for the second term in the left-hand-side (LHS) of Eq. (5), which accounts for the
finiteness of the photon mass (we prefer to work with the equivalent characteristic, the
photon Compton length Z). The key point in coming up with this set of equations is the
realization that Egs. (3), (4) and (7), are not changed by the finiteness of the photon mass.
Indeed, one could derive them directly in the standard way, from the kinetic equations
with particle collisions accounted for, and with no effect of the finite photon mass
showing up — just because the mass is extremely small. One can apply the same
arguments also to higher levels of the plasma description, based on kinetic equations.
Obviously, two-fluid Braginski-type equations would also work. We, however, restrict
ourselves to the single-fluid MHD.

A more formal way of looking at the problem is that Egs. (3)-(7) are a direct
corollary to the Proca Lagrangian, as presented, e.g., in Ref. [3].

Some general properties of the set (3)-(7) have been discussed in Ref. [16]. The
most important one is that, within the Proca MHD, there does not exist such an entity as a
uniform magnetic field immersed in a uniform resting plasma. Indeed, the uniform field,
according to Eq. (5), means the presence of the non-uniform current, not collinear to the
uniform field. Then, as Eq. (4) shows, an equilibrium state of a uniform plasma becomes
impossible. This simple observation shows that the simple solutions of MHD equations
of the type of linear MHD waves in a uniform system become impossible (senseless).
The waves would exist on the background of more-or-less complex non-uniform
equilibrium states, some of which have been considered in Ref. [16].



3. Solar wind with the finite photon mass.
3.1 Inside the Earth orbit

One of the great achievements of the space physics is a good level of
understanding of the average properties of the Solar wind [19, 20]. The results for the
average flow follow reasonably well the model of a radially expanding plasma, that
stretches the magnetic field present in the vicinity of the Sun. A dipole component of the
field, when pulled by the expanding plasma, causes the appearance of the almost radially
directed magnetic field, with the fluxtubes carrying the magnetic flux determined by the
magnetic field in the vicinity of the Sun [21]. So, it may be tempting to say that, as we
see significant magnetic field in the Solar wind at the Earth orbit, the exponential factor
in the Yukawa-like solution should not be too small, meaning that the photon Compton
length is greater than, say, 0.1 AU.

To demonstrate that this approach is misleading, we consider in some detail a
purely kinematic model, where the plasma flow has only radial component, starting from
some spherical surface, over which the distribution of the normal component of the
magnetic field is given. To be specific, consider a dipole distribution,

B, = B,cos0, (®)
where By is some normalization field, and the angle 6 is a polar angle measured from the
south pole; at the equator, 6 =m/2, the normal component changes sign. The condition
V- B =0 then yields

By, cos
B = OOT 9)
This part of the problem is described by Egs. (5) and (7), which are the same as in the
standard MHD (we consider the case of perfect conductivity, which is adequate for the
parameters of the Solar wind). Accordingly, our arguments here do not differ from those
presented by Parker in his seminal paper [21].

From the symmetry of the problem, it is clear that the plasma current has only
azimuthal (¢) component, which can be found from equation (5):

: CBOrO2

2
. (1—%)sin9 (10)

The magnetic field and the current distribution are illustrated in Fig. 1. Note that there is
no exponential factor either in the magnetic field or in the current density. This is due to
the fact that the field (9) is generated by the local currents, not by the currents in the
vicinity of the Sun. The solar currents generate local magnetic field and then this field is
stretched by the plasma flow due to the line-tying constraint (7). The currents adjust
themselves so as to produce the resulting magnetic field (9).

It is in the expression for the current where the finiteness of the photon mass
shows up: see the last term in Eq. (10). At distances exceeding A, the current changes
sign and becomes much larger than it were in the absence of the finite photon mass
effect. Unfortunately, the plasma current density is a quantity that is difficult to measure
directly. Where the effect of the finite photon mass shows up in the form allowing for a
direct comparison with observation, is the momentum equation.

The jxB force acts in the 6 direction:
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For a zero photon mass, this force pushes plasma towards the (Solar) equatorial plane
(i.e., to the south at the northern side, and to the north at the southern side). However,
this force is quite small. On the other hand, if the photon mass is large enough, so that &
is less than the radius r, the force changes sign and increases significantly. This force
would push plasma to the poles, depleting the equatorial region. By “cranking up” the
photon mass, one finally reaches a situation where the presence of this force becomes
manifestly incompatible with the observed flow pattern. This signals that the mass is
actually below the assumed value. This approach, used, in particular, in Ref. [16], was a
basis for the estimate (1). In the following section, we apply it to the Solar wind at large
distances from the Sun, at the Pluto orbit.

3.2. At the outer edge of the heliosphere

As has already been mentioned, the Solar rotation, in combination with the line-
tying, causes the magnetic field lines to be wound into the spiral, as was first suggested
by E. Parker [21]. At the distances beyond the Mars orbit, the azimuthal (B,) component
of the magnetic field becomes dominant. At the orbit of Pluto, the radial component of
the field is already less than 3% of the azimuthal component. As B is produced by the
winding of the radial magnetic field, which has opposite polarity in the Northern and
Southern hemispheres, B, changes sign near the equatorial plane.

Her we again use the “reductio ad absurdum” approach. Assuming that the
Compton length is significantly less than 40 AU, one would find that the current density,
according to Eq. (5), has  and 6 components, of the same order of magnitude,
cB,r (12)
Ak’

The direction of the current is such as to cause the plasma expansion from the equator to
the poles, and to slow down the radial expansion (Fig.2).
The jxB force (per unit volume) can be evaluated as
ol (13)
4R’
The presence of this force would cause deviation from the essentially radial expansion
with the constant radial velocity v if the condition f > pv’/r was satisfied. On the other
hand, direct observations show that the solar wind velocity is largely radial, including a
distant zone at the Pluto orbit, and the velocity is the same as at the Earth orbit, 450 km/s.
This means that actually the inequality

f< ”: : (14)

holds, which limits & from below:

BZ
LI (15)
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where ¢ is a safety factor, accounting for the crudeness of our analysis. Taking a
generous value of ¢g=3, and =40 AU (the Pluto orbit), and using the observational values

j/\/




of particle density, magnetic field, and Solar wind velocity at the Pluto orbit (n=107 cm™,

v=4.5%10" cm/s, B=2x10° G, Ref. [22]), we find the following bound on the photon
Compton length and photon mass:

A>2x10" cm; my<1.5x10%*m,=1.5x10" g. (16)

This is a suggested new estimate of the photon Compton length and photon mass. It is
improved by almost two orders of magnitude compared to the currenly accepted value
(1).

This limit is based on direct in sifu measurements and in this regard is as reliable
as the limits established in ground-based laboratory experiments, especially given a large
safety factor that we have used. No doubt that it can be improved by at least a factor of a
few by more detailed numerical simulations of the flow pattern that would be produced
by the set of equations (3)-(7) in the case where the mass would be further reduced
compared to Eq. (16).

The current density in the case of small Compton length is much higher than it
would have been in a “standard” MHD (see Eq. (12)). One might try to use this
circumstance to obtain one more constraint on A. (Using an evaluation of the current
density for constraining Awas suggested in Ref. [23].) The relative (“current”) velocity
of electrons and ions is:
u=- (17)

en

In our case, taking A as in Eq. (16), and the other parameters of the Solar wind at

the Pluto orbit from Ref. [22]: we find that the ratio of to the electron thermal velocity is

still very low, u/vy, < 107, this meaning that the effects of the anomalous resistivity
would not play any significant role. One can check that the Joule dissipation is also small,
and the line-tying condition holds well.

4. Using other astrophysical objects for establishing m,,;,
4.1 Galactic magnetic field

A natural way to improve the estimate of the photon Compton length is to
consider electromagnetic phenomena with as large spatial scales as possible. This has
been recognized as early as in 1950s, when Yamaguchi [24] (referring to discussions with
Thirring) suggested using the presence of the large-scale magnetic fields of astrophysical
objects for this purpose. Specifically, he used the inferred presence of the magnetic fields
in the Crab Nebula taking as the length scale. Goldhaber and Nieto [4] pointed out that
the presence of the ambient conducting medium does not allow identifying the spatial
scale with the Yukawa fall-off factor (p. 293 in Ref. [4]); they mentioned that some kind
of energy balance consideration should rather be given. Chibisov [25] used a force
balance discussion for the case of a Great Magellanic Cloud and, assuming that the scale
of the magnetic field is of order of the size of the cloud, 1 kpc, concluded that the photon
Compton length should exceed 1 kpc. More recently, [17], Chibisov’s arguments were
reproduced for our Galaxy, with reference to the magnetic field in the spiral arm of ~ 1
uG and the average pressure of the interstellar medium being of order of the magnetic



pressure. Then such force balance considerations (cast in the form of a virial theorem)
lead the authors of [17] to the conclusion that A>1 kpc. However, the authors of the bi-
annual compendium “Review of particle physics” [26, 10] have consistently rejected
estimate [25], referring to inapplicablility of the virial arguments in the problem under
consideration. Indeed, the fact that the interstellar medium is not an isolated system, but
is strongly gravitationally coupled to the stellar matter, and is affected by the processes
like supernovae explosions, makes the use of the virial theorem somewhat difficult [27].
It has also to be remembered that, although a large amount of observational data has been
collected and the presence of the large-scale Galactic magnetic field seems to be
established, its magnitude, spatial structure, and the level of smaller-scale fluctuations are
still an area of active research (see reviews [28, 29]). The most common technique for
evaluating the global field, is detection of the Faraday rotation of electromagnetic
radiation from pulsars. But this effect provides an information only regarding the line-
integrated product of the magnetic field and electron density. Therefore, its interpretation
requires additional hypotheses; in particular, the correlation between the field strength
and plasma density may lead to substantial bias in the interpretation of the measurements
of the Faraday rotation [30].

4.2. Magnetic field in galactic clusters

One can hope that the improvement in our understanding of the structure of the
interstellar magnetic field, based on the analysis of the constantly appearing new data,
will lead to resolving of the uncertainties mentioned in the previous section. Then, just
due to the large scale involved, significant improvements of the mass limit will become
possible. In this regard, one should remember also of the presence of even larger
structures, where the magnetic field plays significant role in the plasma dynamics,
namely, the clusters of Galaxies [31].

The scale of typical clusters is in the range of 10 Mpc, and the predicted scale of
the regions of a coherent magnetic field extends to L~0.5 Mpc [32, 33]. Making an
assumption regarding the energy equipartition between the plasma and the magnetic field,
one finds, in the same way as in Refs. [25, 17] that strong deviations from the present
models would appear if the photon Compton length was shorter than the characteristic
scale L. Introducing safety factor g~5 (see Sec. 3.2), one finds the following upper bound
on A: A>L/5~100 kpc. This conclusion, however, would be the subject of the same
concerns as an estimate based on the assumed properties of the Galactic magnetic field
(Sec. 4.1).

4.3 Smaller-scale astrophysical objects

In near term, there may be a better chance to improve the mass estimate by
considering astrophysical objects of an intermediate scale (up to a few parsecs), like
dense molecular clouds or stellar outflows. For the first group of objects there exist a
large data base for the magnetic field strengths and/or geometrical structure [34]. There is
also a growing understanding of the underlying dynamics, including the role of the
gravitation and star formation (e.g., [35]) and of the magnetic field (e.g., [36], [37]). As



these objects are numerous, well defined spatially, and well characterized, one can expect
obtaining a reliable estimate of mi,.

Protostellar and stellar outflows are also quite numerous, and a number of them
are spatially well-resolved. The problem is that there are essentially no direct magnetic
field measurements for such objects, although it is generally assumed that the magnetic
field plays a significant role in their formation and collimation [38]. One can expect to
obtain constraints on the photon mass from analyzing the equilibrium and stability
properties of the pinch equilibria, as was suggested in Ref. [39]. Interestingly, there exists
laboratory Z-pinch experiments [40] that produce structures strikingly similar to those
observed on the sky, thereby supporting assumption regarding significant role of
magnetic field in the stellar outflows.

5. Discussion

There exists a reliable theory framework for assessing MHD processes in the case
where the finiteness of the photon mass is important. In the quasistatic limit (wave
velocity and fluid velocity slow compared to the speed of light), the modification occurs
in the Ampere law and is essential for MHD processes with the spatial scales greater than
the photon Compton length A, Eq. (1). In order to make the effect of such a large-scale
field on the dynamics of the system important, the field should be strong-enough. So,
when one wants to evaluate the photon mass based on the observations of a certain
system, one has to have information about both the magnetic field and plasma.

Table 1. Some of the available estimates of the photon mass

Reference [15] [16] [18] This [10, 17] This [4, 10]
paper paper
Object Jupiter Solar Ultra-low Solar wind | Galactic Magnetic | The
wind at 1 | frequency | at40 AU magnetic | field in Universe
AU waves field clusters of
galaxies

Lower 3x10'° [ 3x10' | 7.5x10™ | 2x10" | 3x10*" | 3x10” | 2x10%®
bound on
A, cm

Upper 10”7 10~ 4x10°% | 1.5%10™° | 10! 10 1.5x10°*
bound on

Mph,

This author believes that, at present, the most reliable limit on the photon mass
comes from the spacecraft measurements of the magnetic field and a plasma of the Solar
wind. Most notorious among them are the Voyager spacecraft, which have already
reached the boundary of the heliosphere. Remarkable agreement has been reached
between the observed structure of the magnetic field and theory (standard, zero-photon-
mass, MHD) that takes into account two basic features of the problem: the radial plasma
expansion, and rotation of the Sun. The observed average angle between the magnetic
field and the direction to the Sun agrees very well with the spacecraft measurements at
the distances from Mercury to Pluto [20]. The field strength and its direction also agrees




well with the theory. All this makes the solar wind a very convenient object for
constraining the photon mass. Assuming the finiteness of m,; and comparing predictions
of the appropriately modified MHD equations (3)-(7) with observations, one obtains an
upper bound for m,,;,. By choosing large safety margin, one obtains an estimate as reliable
as on could obtain in the laboratory. This approach has been implemented in this paper
for the Solar wind at large distances from the Sun. The resulting (recommended) estimate
is given by Eq. (16).

Further improvements may come from three directions. The first is a more
detailed analysis of the Solar wind, with detailed numerical simulations of the flow
patterns arising from the finiteness of m,;, and comparing the results with observations.
This may give rise to the improvement (reduction) of the mass estimate by a factor 5-10.

The second is applying an analysis of the type presented in Sec. 3.2, to the
relatively compact objects ( ~ 1 pc scale) like dense molecular clouds in HII regions.
There already exists a large amount of observational information about magnetic fields
and plasma parameters in such bodies, and general understanding of their dynamics
gradually emerges.

The third is using the presence of large-scale fields in galaxies and galaxy
clusters. This can potentially lead to a dramatic improvement of the mass limit. There are,
however, difficulties in making reliable predictions associated with insufficient
knowledge of the underlying dynamics. The simultaneous presence of both large-scale
field, with length-scale exceeding A, and of a stronger, small-scale field with a length
scale less than A, may make the analysis quite difficult.

A summary of some available estimates of the photon mass is presented in Table
1. The last column in this paper represents a so-called “ultimate” limit on the photon
mass, that is imposed simply by the presence of a finite spatial scale of the Universe [4,
10]. One sees that even the best conceivable estimates of the photon mass are still far
beyond the ultimate limit. New ideas are needed to bridge this gap.
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Fig. 1. Schematic of the magnetic field and current distribution inside the
Earth orbit. Dashed line represents the equatorial plane. Magnetic field lines
are directed radially, with the field direction changing polarity between
North and South. Dots and crosses show the direction of the azimuthal
plasma current for the distances exceeding the photon Compton length (see
Eq. (10)). Block arrows show the direction of the jXB force.

Fig. 2. Schematic of the magnetic field and current distribution at large
distances from the Sun (the scale is by a factor of 50 greater than in Fig. 1).
The magnetic field is almost purely toroidal, with direction indicated by dots
and crosses. Dashed line represents the equatorial plane. Thin lines with
arrows show parts of current streamlines. Block arrows show the direction
of the jXB force.



